Since the discovery, that a tightly focused femtosecond laser beam can induce a highly localized and permanent refractive index change in a wide range of dielectrics, ultrafast laser inscription has found applications in many fields due to its unique 3D and rapid prototyping capabilities. These ultrafast laser inscribed waveguide devices are compact and lightweight as well as inherently robust since the waveguides are embedded within the bulk material. In this presentation we will review our current understanding of ultrafast laser -glass lattice interactions and its application to the fabrication of inherently stable, compact waveguide lasers and astronomical 3D integrated photonic circuits.
INTRODUCTION
It was the progress in short pulse laser technology starting in the late 80s which enabled many new exciting scientific areas. The unique properties of ultrashort laser pulses led to the direct observation of chemical processes on a unprecedent time scale for the first time. 1 The spectral characteristics of mode-locked lasers enabled the development of optical frequency combs, 2 linking radio frequency with the optical frequency domain and therefore facilitating the development of table-top optical atomic clocks for precision metrology.
3 A femtosecond pulse can provide very high peak intensities and therefore enabling highly nonlinear processes. Furthermore, the energy can be deposited within timescales shorter than thermal processes. 4 This allows for machining of materials, which are naturally transparent on a sub micrometer scale without any thermal damage. These unique properties resulted in a wide range of research activities into femtosecond laser micromachining. Glezer et. al found that femtosecond pulses can lead to a explosive expansion when focused into fused silica, creating 200 nm sized voids within the bulk material. 5 However, it was Davis et. al, who discovered that femtosecond pulses of lower energy can induce a highly localized and smooth refractive index change within bulk glass. 6 They used 120 fs, 810 nm pulses from a 200 kHz titanium sapphire amplifier, which were focused into various types of glass, while the samples were moved by translation stages to inscribe lines of positive refractive index change, which acted as optical waveguides. This landmark paper led to a whole new research area of femtosecond laser direct-write photonics. Figure 1 . Ultrafast laser inscription setup: A femtosecond laser is tightly focused into the bulk of the sample, nonlinear breakdown occurs, which causes a localized material modification. By translating the sample with respect to the focal spot, arbitrary 3 dimensional structures can be inscribed.
The nonlinear absorption processes involved can virtually be triggered in any material, resulting in a highly localized modification at the position of the focal spot. The morphology of the modification strongly depends on the inscription parameters and the material itself. Nevertheless, waveguides have been inscribed in a wide range of transparent dielectrics, starting from common glasses, like fused silica, 7 boro-and aluminosilicates, 
FEMTOSECOND PULSE INDUCED STRUCTURAL MODIFICATIONS
The principle ultrafast laser inscription setup is illustrated in Fig. 1 . The output of a femtosecond laser is tightly focused by a lens into the bulk material. By placing the sample on translation stages and moving it with respect to the focal spot, arbitrary 3-dimensional structures can be inscribed. The structural modifications within the transparent dielectric induced by the tightly focused laser beam depend on parameters such as the laser wavelength, repetition rate, pulse duration, polarization, focusing condition, translation speed and of course the material itself. Hence, there is no universal recipe for waveguide inscription, instead the parameters for inscribing high quality waveguides have to be determined empirically for every material. Key to the optimization of the inscription parameters is a deeper understanding of the morphology of the laser induced structural modifications. In the case of optical glasses, this will allow for the adaption of the glass composition in order to trigger a specific response to the exposure of sub-bandgap femtosecond radiation. This response can be a specific magnitude or sign of refractive index change. The femtosecond laser induced structural changes have been investigated for a variety of materials using techniques such as fluorescence and Raman spectroscopy. For instance in fused silica the increase of refractive after irradiation with kHz repetition rate femtosecond laser pulses was attributed to an increase in 3-membered silicon oxygen rings. 40 In phosphate glass an increased number of Q 1 phosphorous tetrahedra (one bridging oxygen) was found after femtosecond pulse irradiation. 41 This leads to an increased polarizability of the glass network and thus an increase in refractive index. The repetition rate has a significant influence on the morphology of index change. For instance when irradiating T=1pS t BK7, a multi-component silicate glass, with high repetition rate pulses a densification of the glass network and therefore an increase of refractive index was found whereas using low repetition rate pulses non-bridging oxygen hole centers are created that are responsible for the increased index. 42 The difference in structural change can be related to the thermal condition. With low repetition rate exposure (athermal regime), the glass is quenched on a timescale in the order of the thermal diffusion time (≈ 1 µs) and the glass cools down to ambient temperature before the next pulse strikes, as illustrated in Fig. 2 . In contrast, high repetition rate irradiation results in an accumulation of heat and strong heat diffusion up to melting of the glass. 9 As the sample is translated through the focus at speeds typical in the order of mm/s the glass cools and resolidifies on a millisecond timescale. The localized melting can result in migration of elements driven by thermodiffusion. 43 This generally gives rise to a highly temperature stable (>600
• C) refractive index change. 44 In contrast, athermal written structures anneal out at temperatures of 400
• C.
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Besides the laser's repetition rate, also the polarization state of the inscription laser can have a significant influ-
Athermal regime Thermal regime
τ ≈ 1 µs τ ≈ ms due to sample movement Figure 2 . Difference between the athermal (low laser repetition rate) and thermal writing regime (high laser repetition rate).
ence on the morphology of the refractive index change. The laser polarization not only affects the photoionization process 46 but can also trigger the creation of self-aligned nanogratings with a period below the wavelength of the inscription laser. 47 The planes of these nanogratings are aligned perpendicular to the electric field vector for linear polarization and result in form birefringence. This effect can be utilized to create retardation plates, 48 optical storage devices, 49 or integrated polarization beam splitters.
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The multitude of parameters that influence the final device requires a careful choice of writing parameters and substrate material for each application individually. For instance utilizing a high repetition rate laser and a suitable glass is advantageous for fabricating complex devices, since the thermal regime offers vastly faster fabrication speeds than athermal regime. Therefore the fabrication process is less influenced by changing environmental conditions, for instance room temperature or drift in laser output power. However, the strong heat diffusion in the thermal regime makes the fabrication of sub-micron features like waveguide Bragg gratings challenging. Hence, the athermal fabrication regime is preferred in that case.
The following section will outline some 3D applications for ultrafast laser inscription. Since the presented devices are quite complex, all waveguides were fabricated in the thermal regime.
3. APPLICATIONS
Astrophotonics
Astrophotonics is one of the main driving factors for 3D integrated photonics. 51 The unique 3D capabilities of ultrafast laser inscription make it very attractive for photonic device fabrication for applications such as aperture masking interferometry 52 or multimode light to single-mode light converters for atmospheric OH emission filtering 53 and integrated photonic spectrographs. noise due to phase corrugations across each sub-aperture. These limitations can be overcome by using photonic technologies such as single-mode waveguides to remap a 2D pupil into a linear waveguide array (an operation referred as pupil remapping). In principal, this allows for remapping the entire telescope pupil which not only increases the Fourier coverage but also the throughput compared to a sparsely sampled aperture mask. By cross-dispersing the light emerging from the linear 1 dimensional output waveguide array, spatial and spectral information can be simultaneously extracted from the created fringe pattern on the detector which is not possible with an aperture mask due to its 2 dimensional nature. Since the single-mode waveguides act as spatial filters, the noise induced by the atmosphere on the fringe visibility is reduced. The principal setup of such an instrument is shown in Fig. 3 . 55 At its heart is the 3D integrated pupil remapping photonic chip, which remaps eight waveguides into a linear slit while maintaining path length matching and limited cross coupling between the waveguides. The most recent version of these pupil remapping chips have raw throughputs of > 70% at 1.55 µm and < 10 −5 cross-coupling. The waveguides are inscribed into a commercial boro-aluminosilicate glass which responds with a positive refractive index change (∆n > 5×10 −3 ) upon high repetition rate pulse exposure.
Photonic lanterns
The next generation of ground-based astronomical telescopes with primary mirror diameters in excess of 20 m will require increasingly larger instruments, such as spectrographs for instance where their size scales proportional to the telescope aperture. However the size of these instruments is the driving factor for the costs, which scale with the square of the telescope aperture. 56 A potential solution is the use of photonic instruments such as integrated photonic spectrographs (arrayed waveguide gratings). 54 However these components are single-mode (diffraction limited) devices whereas light from the telescope is multimode (seeing limited) if no adaptive optics are fitted. Therefore in order to use cost effective single-mode photonic components a converter from multimode to single-mode light is required. Such a device is a photonic lantern, a low loss adiabatic tapered transition which converts the light from a multimode fiber into several single-mode fibers. 57 The first photonic lanterns were fiber based, but more recently ultrafast laser inscribed lanterns were demonstrated. 38 Using ultrafast laser inscription not only results in a highly robust component since it is embedded within a block of glass, but also provides greater geometric flexibility 58 than the fiber counterparts and can easily be scaled to a large number of waveguides (> 100) since no stacking of single-mode fibers is involved. The laser inscribed photonic lanterns are composed of 19 single-mode waveguides, brought close together in a circular arrangement at the input to form a multimode waveguide 59 (see Fig. 4 ). These devices have been carefully optimized for throughput to provide raw transmission values of 75%.
Low loss mid-IR waveguides
The mid-infrared spectral region from 3.5 to 4.2 µm (astronomical L'-band) is ideal for hunting for young extrasolar planets. This is because the young planet is still hot from the formation process and thus has its peak of the blackbody radiation curve in the mid-infrared. Hence the difference in brightness between the parent star and its companion decreases, since the star is less bright in that spectral region. Even though the brightness difference becomes even smaller further in the mid-infrared, the thermal background at longer wavelength increases the noise and makes ground-based observation more challenging. Finally, there is an atmospheric transmission window in the 3-4 µm region which allows for ground-based observation. In order to transfer the previously mentioned devices into the mid-infrared region a different host material is required because silica based glasses are not transparent beyond 3 µm wavelength. An excellent candidate is fluoride glass, 60 in particular ZBLAN, a fluorozirconate glass with an optical transmission window from 200 nm all the way up to 4.5 µm, as illustrated in Fig. 5(a) . The high infrared transparency results from the low phonon energy of the glass. Besides the high transparency, the glass features a low refractive index of 1.5 in the visible spectral region and also has a low optical nonlinearity. The latter is of importance when focusing high peak power femtosecond pulses into to glass for waveguide writing, where nonlinear propagation effects can aberrate the beam resulting in poor quality waveguides. When irradiating ZBLAN with high repetition femtosecond pulses a decrease in refractive index is observed.
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Therefore in order to create a guiding structure a depressed cladding has to be inscribed, as shown in Fig. 5(b) . The geometrical flexibility of the depressed cladding approach enables the creation of perfectly circular guiding structures with a variable size to accommodate for the longer operation wavelength. Since the core, which the guided light is confined to, stays unmodified the glass bulk optical properties are preserved. Therefore a low propagation loss of 0.3 dB/cm is achievable (Fig. 5(c) ) at 4 µm. Figure 5(d) shows the corresponding single-mode near-field profile, which is of perfect circular symmetry that makes it ideal for efficiently injecting light from an astronomical telescope.
High efficiency mid-IR waveguide lasers
Besides astronomy, the mid-infrared spectral region is of great interest for spectroscopy, remote sensing and for medical applications, since it coincides with the characteristic absorption lines of the vast majority of gaseous molecules. This enables the specific detection of a molecular species via its spectroscopic fingerprint. Furthermore these absorption features can also be targeted for energy deposition and material ablation. For instance this is the case in the field of medicine where the water absorption bands around 2 µm and 3 µm are utilized for precise and minimal invasive procedures in dentistry, neurosurgery, dermatology and ophthalmology. All of these applications benefit from the availability of compact, efficient, robust and cost effective laser sources such as waveguide lasers. Using ultrafast laser inscription for the fabrication of waveguide laser is attractive because it is not only compatible with a large range of materials but it also enables the direct incorporation of Bragg gratings to create a monolithic device. 36 In particular ZBLAN is very good candidate as host material. As aforementioned, ZBLAN glass possess a low phonon energy, which limits non-radiative losses and therefore enables high laser efficiency in the mid-infrared. Furthermore the glass matrix can accommodate large quantities of rare-earth dopants, which is ideal for short high gain waveguide chips. Doping ZBLAN with rare-earth ions like ytterbium, thulium, holmium and erbium enables to cover a large portion of the wavelength region from 1 to 3 µm. 63 We have successfully applied the depressed cladding waveguide architecture to create fingernail-sized waveguide laser emitting at 1, 1.9, 2.1 and 2.9 µm. [64] [65] [66] [67] [68] In particular, lasers emitting at 1.9 µm based on thulium doped ZBLAN can be very efficient, reaching slope efficiencies of 67% in continuous wave operation at > 200 mW average output power (Fig. 6(a) ). Due to the depressed cladding waveguides the output beam is circular and diffraction limited (Fig. 6(b) ). Furthermore they enable large mode areas while maintaining the beam quality, which lead to 1.8 kW peak power in q-switched operation from a waveguide chip laser, as illustrated in Fig. 6(c) . 67 The pulse duration was as short as 21 ns limited by the acousto-optic modulator placed inside the 9 cm long external cavity (Fig. 6(d) ).
CONCLUSION
Ultrafast laser inscription is a powerful tool for the fabrication of photonic circuitry. It enables the creation of active and passive 3-dimensional photonic devices with operation wavelengths ranging from the visible all the way up to the mid-infrared spectral region. With the appropriate choice of inscription parameters high quality, low loss waveguides can be fabricated in a wide variety of materials. These waveguide devices are compact and inherently robust to environmental influences such as mechanical vibration and temperature because the optical waveguides are embedded within the bulk material. The unique capabilities of ultrafast laser inscription have drawn a lot of attention from a variety of fields like astrophotonics, quantum optics and microfluidics, but might also be beneficial for potential future applications such as space photonics.
